BACKGROUND: Immunosuppressive therapy must be guided by therapeutic drug monitoring (TDM) in paediatric liver (LT) and kidney transplantation (KT) patients to prevent under-and overdosing, which have clinical consequences.
Introduction
Optimal treatment with immunosuppressive therapy is critical to the success of solid organ transplantation. The current target management of paediatric liver (LT) and kidney transplantation (KT) is based on induction with antibody therapy, followed by a long-term administration of immunosuppressants. Drugs currently most commonly used in paediatric transplant recipients are, among others, steroids, calcineurin inhibitors (CNIs) such as tacrolimus and ciclosporin, and purine synthesis inhibitor, such as mycophenolate mofetil [1] . Understanding and preventing blood level variability of immunosuppressive drugs is essential to the success of LT and KT. Therapeutic drug monitoring (TDM) of immunosuppressants is necessary because of their narrow target ranges, variability in terms of pharmacokinetics and risks of drug interactions [2] . Underdosing may lead to graft rejection or even death, whereas overdosing can lead to major toxicity, including renal and neurotoxicity [3] . Another reason to reach an adequate CNI target is that it lowers the risk of increased post-trans-Conference presentation A part of this work has been presented as a poster at the 17th Congress of the European Association of Hospital Pharmacy in Milano, Italy (21-23 March 2012) . plant levels of preformed donor-specific antibodies or the appearance of de novo donor-specific antibodies [4] [5] [6] .
Immunosuppressant TDM is routine for CNIs and is considered cost effective when weighed against organ availability and the costs of graft rejection [7] . Clinical interpretation of drug levels is not easy and requires accurate data, multidisciplinary work, and education [8, 9] . In a paediatric study of LT recipients, only 50% of tacrolimus trough levels were in the target range one year after transplantation. Implementation of statistical process controls and a checklist for the management of CNI blood levels was followed by an increase from 50 to 77% of drug levels in the target range [10] .
There is no TDM service in our institutions for the clinical interpretation of immunosuppressant drug levels [11] . Guidelines or algorithms for the management of TDMwhich could be beneficial for our patients -do not exist and physicians have to rely on their own experience.
The purpose of our study was to analyse TDM results in our liver and kidney recipients and factors associated with blood level stabilisation after LT and KT with the aim to identify modifiable factors to improve patient care.
Materials and methods
This was a retrospective study in two Swiss university hospitals (university hospitals of Geneva [HUG] and Lausanne [CHUV]) of paediatric patients with liver or kidney transplantation during the study period. Patients who had undergone re-transplantation were also included. Patients who received combined or sequential LT followed by KT were excluded. No other solid organ transplant recipients were reviewed. The HUG is the single national centre for paediatric LT; therefore, all paediatric LT patients of Switzerland were included. The paediatric nephrology teams of CHUV and HUG are part of the same regional nephrology unit and have been using the same transplant protocols since 2007. The study was accepted by the local ethics committees of both institutions (n°11-031R [MatPed 11-007R]). Waiver from individual informed consent was obtained from the institutions' ethics committees.
Therapeutic drug monitoring
Tacrolimus levels were measured by immunoassay analysis (HUG: EMIT 2000 [Enzyme Multiplied Immunoassay Technique], Siemens on Roche Cobas Mira immunoassay analyser; CHUV: CMIA Architect i1000SR, Abbott Diagnostics). Ciclosporin levels were measured in CHUV by immunoassay analysis (EMIT on Cobas Integra 400 Plus, Roche Diagnostics). The values measured were trough values, measured just before the next dose. The lower limit of detection for tacrolimus was 2.0 ng/ml, and for ciclosporin was 30 µg/l. Values below these limits were entered as 1 for tacrolimus and 15 for ciclosporin.
For LT, tacrolimus target trough levels were 10-15 ng/ml for the first month after LT, and 7-10 ng/ml thereafter until 6 months after LT. For KT, tacrolimus target trough levels were 8-12 ng/ml for the first month after KT, and 8-10 ng/ml thereafter until 6 months after KT. Ciclosporin target trough levels in KT were 250-350 µg/l during the first month after transplantation and 200-250 µg/l from 2 to 6 months after transplantation. The choice of tacrolimus or ciclosporin in KT patients was based on the age (ciclosporin for <5 years) and Epstein Barr virus (EBV) status (ciclosporin for EBV negative patients) of the child at the time of transplantation [12] .
Study endpoints
The main study outcome was the percentage of tacrolimus and ciclosporin within the target trough levels during the first month after transplantation. The secondary outcome was the evaluation of patient blood level stabilisation defined as: (1) three consecutive trough levels of tacrolimus or ciclosporin within the target range; (2) discharge from paediatric intensive care; and (3) discharge from hospital. These time-points were chosen because they are usually synonymous with a major improvement in the patient's clinical condition. Potential factors associated with earlier stabilisation were evaluated for LT and KT: recipient gender, age and weight; living or deceased donor; primary liver (cholestatic, specifically biliary atresia, or metabolic disease) or kidney disease (congenital disease or acute glomerulonephritis [AGN] / haemolytic-uraemic syndrome [HUS]). In addition, for LT the following parameters were collected: age of donor, graft weight, and graft/recipient weight ratio. For KT only, type of drug (ciclosporin or tacrolimus) was evaluated.
Data collection
Demographic data, such as recipient's gender, age and weight, primary liver and kidney disease, donor age, graft weight were collected from patient records (HUG and CHUV since 2007) or from paper records (KT, CHUV data 2002-2007). Tacrolimus and ciclosporin trough levels were extracted from the laboratory record systems with the sample's date and time. Data were merged for each patient using an anonymous patient identification number.
Statistical analysis
Demographic data were expressed as median, minimum and maximum values.
Distribution of tacrolimus and ciclosporin trough levels during the first month after transplantation was represented in a histogram. A logistic regression model with mixed effects was used for tacrolimus trough levels in LT to model the effect of time since transplant by piecewise constant odds ratios (ORs). The OR reflects the increase in the probability to be in the target range within the next 24 hours.
The cumulative stabilisation incidence, intensive care and hospital discharge, was assessed using Kaplan-Meier methods. The log-rank test was used to compare LT and KT, and to compare tacrolimus and ciclosporin treatment in KT patients. Results were expressed as median survival times in days and 95% confidence interval (CI).
Univariate analysis (log-rank test) was used to assess whether defined factors were associated with an earlier stabilisation in LT and KT. Recipient age and weight, donor age, graft weight and graft/recipient weight ratio were expressed as medians, which were used for statistical analysis.
Statistical significance was considered for a p value <0.05 (two-sided). Microsoft Excel® 97-2003 (Microsoft Office), S-plus 8.0 for Windows (CANdiensten, Netherlands) and STATA ® v 11.0 (StataCorp, 4905 Lakeway Drive Col-lege Station, Texas 77845 USA) software were used for data handling and analysis.
Results
Forty-six patients (27 LT, 19 KT) were included in this retrospective, descriptive study, with a median age of 1.0 year for LT (range 0.3-16.5) and 15.1 years for KT (range 1.8-19.4; p = 0.002, table 1). Twenty-four were females (52%). Primary liver diseases were cholestatic diseases (51.9%), which were mainly biliary atresia (44.4%), metabolic diseases (18.5%) and other diseases (29.6%). Primary kidney diseases were congenital diseases (52.6%), AGN and HUS (47.4%). Living donors were used in 22.2% of LT, and 57.9% of KT.
All LT patients were treated with tacrolimus, and KT patients received either tacrolimus (52.6%) or ciclosporin (47.4%). A total of 1102 tacrolimus trough levels were collected in LT patients, and 737 tacrolimus and 687 ciclosporin trough levels in KT patients (table 1).
Trough levels according to time after transplantation
During the first month after transplantation, on average 23.3 tacrolimus trough levels were measured in LT patients and 13.6 in KT (14.1 ciclosporin trough levels per patient). In LT, tacrolimus median trough level was 9.9 ng/ml (range 1-90.0) during the first month after transplantation. In KT, tacrolimus and ciclosporin median trough levels were 8.6 ng/ml (2.0-21.8) and 221 µg/l (54-1152), respectively.
During the first 2 to 6 months after LT, tacrolimus median trough level was 9.8 ng/ml (2.4-56.4). For KT recipients, tacrolimus and ciclosporin median trough levels were 9.4 ng/ml (4.0-19.0) and 208 µg/l (77-609), respectively.
Six months after transplantation, tacrolimus median trough level in LT was 7.2 ng/ml (2.0-23.0). Tacrolimus and ciclosporin median trough levels in KT were 7.3 ng/ml (2.0-20.0) and 152 µg/ml (50-1332), respectively.
Percentage of trough levels in target range during the first month after transplantation
During the first month after transplantation, only 32.8% of tacrolimus trough levels in LT and 41.2% in KT, and 22.1% of ciclosporin trough levels in KT were within the target range ( fig. 1 ). Between 2 and 6 months after transplantation, 31.5% of tacrolimus trough levels in LT were in range whereas 29.5% of tacrolimus and 24.3% of ciclosporin levels in KT were in the target range. Modelling of tacrolimus trough levels in LT showed that during the first 10 days the OR for being in the target increased daily by 1.15 (95% CI 1.04-1.28). After 10 days, the OR was close to 1 (1.03, 95% CI 0.96-1.09), and the probability of being in the target no longer increased.
(fig. 2)
There was no difference in the 30-day cumulative incidence of tacrolimus trough level stabilisation between LT and KT patients (p = 0.82). In KT, stabilisation of tacrolimus trough levels occurred earlier than for ciclosporin (p = 0.02). Intensive care and hospital discharge occurred earlier in KT patients compared to LT patients (p <0.001). ( fig. 3 ) Table 1 : Paediatric liver and kidney transplant patients: recipient and donor characteristics. 
Factors associated with trough level stabilisation
In univariate analysis, living-donor LT was significantly associated with an earlier intensive care discharge (5.5 vs 11 days, p = 0.02, table 2). Graft weight >290 g was associated with a trend to earlier hospital discharge (25 days vs not reached at 30 days, p = 0.06), and primary metabolic disease and graft/recipient weight ratio ≥0.03 with earlier tacrolimus trough level stabilisation (14 vs 18 days, p = 0.01 and 15 vs 22 days, p = 0.05, respectively).
In KT, recipient age >15.0 years and weight ≥39.4 kg were associated with earlier trough level stabilisation (both 13 days vs not reached at 30 days, p <0.001), which was reached earlier with tacrolimus than with ciclosporin (20.5 days vs not reached, p = 0.02). Recipient age >15.0 years was also associated with an earlier hospital discharge (10 vs 14 days, p = 0.02). 
Discussion
Reducing adverse events associated with the use of immunosuppressants is a major goal in solid organ transplantation [13, 14] . However, this has to be weighed against the risks of under-immunosuppression and consequent early or late acute or chronic rejection. TDM is one way to evaluate and adjust dosages of immunosuppressive agents [14, 15] . In our cohort of LT and KT recipients, only between 22 and 41% of patients had reached the target trough level for their immunosuppressive medication at the end of the first month after transplantation, and the results were even less satisfactory between the second and sixth months after transplantation, when as few as a quarter of patients were within the target range. This is particularly worrisome because several authors have demonstrated a link between variability in trough levels and graft outcome [16] [17] [18] . It suggests that, despite close and repeated monitoring by well-trained transplant teams following inpatients and outpatients, other factors probably contribute to stabilising trough levels. The lack of a specialised clinical pharmacist [19] and of clear guidelines on how to manage treatments in regard to TDM in our institution may have led to these unsatisfactory results [20] . A recent review of algorithms for immunosuppressive drug dosing in adults and children [21] concluded that TDM is necessary, but it is unclear if the implementation of algorithms improves clinical outcome [22, 23] . In paediatrics, correct dosing is even more of an issue, especially in the very young, because large interindividual variability is reported [24] . Larger centres integrate scientists, clinicians, nurses and pharmacists to form a TDM team to review all drug concentrations and adapt them accurately [9] .
Other strategies to monitor and optimise immunosuppressive agents have been proposed. Pharmacodynamics of CNIs, for example, could be used to personalise drug dosing and optimise the treatment [25, 26] . Others have looked at intracellular immunosuppressive drug monitoring [27] , which shows promising results for CNIs, but not for mechanistic target of rapamycin (m-TOR) inhibitors (sirolimus, everolimus) and antimetabolite drugs (mycophenolic acid). Finally, genetic determinants seem to be increasingly used to optimise immunosuppressive drug dosing [28] [29] [30] .
In our study, during the first month stabilisation of trough levels in KT patients was easier to achieve with tacrolimus than with ciclosporin, although the percentage of stabilisations was similar in both groups after 2 months. With tacrolimus, trough level stabilisation was similar in LT and in KT patients during the first month. This could be explained by the fact that both populations stay in the same intensive care unit and later on the same surgical ward.
Taken together, the data concur that greater liver mass is favourable for target trough level stabilisation. This is clearly a predominantly paediatric problem given that split grafts are frequently used whether from deceased or living donors, and that the donor/recipient weight ratio varies with each donor/recipient pair. In addition, issues with diet and absorption is probably a major confounder, something which is difficult to control for and model [31] [32] [33] .
Unlike others, we also evaluated other markers for immunosuppressant trough stabilisation. In LT, metabolic diseases and higher graft/recipient weight ratio was linked with tacrolimus level stabilisation 4-7 days earlier. This could be explained by proportionately less variation in the distribution volume, and less acutely sick children. However, when we modelled tacrolimus trough levels during the first month after LT, we showed that the odds of being within the target range increased steadily during the first 10 days after LT, but not beyond. This could be explained by the facts that LT patients are more closely monitored during the first days after transplantation, and that adjustments have the biggest impact during the first days.
Older age and weight were associated with earlier trough level stabilisation in KT patients, possibly explained by the fact that tacrolimus, used mainly in older patients, was also associated with earlier trough levels stabilisation compared with ciclosporin [34] . Our study has several limitations. First, it only reports the troughs of a relatively small number of patients. However, we analysed more than 1800 trough levels in these carefully followed patients and could nevertheless produce a convincing model for predicting stabilisation. Second, this study does not report on results from other types of solid organ transplant. Nevertheless, our comparison between the two populations shows that all organs cannot be dealt with similarly. Third, this is not an interventional study, and we did not implement new algorithms to manage TDM in our transplant recipients. Convincing paediatric algorithms are, to our knowledge, still lacking but should probably include age-appropriate targets, pharmacodynamics, genetic considerations, and maybe new approaches regarding TDM dosing techniques and graft and recipient weight. A multidisciplinary approach including a clinical pharmacist with a focus on TDM, compliance enhancement and educational interventions is another strategy with beneficial impact in some studies. In addition, we agree that a categorisation of continuous variables leads to a loss of information. With regression models with proportional hazards for survival data (such as the Cox regression model), associations between continuous variables and survival outcome can be investigated without any categorisation. However, some assumptions are needed for such analyses:
the relative increase in hazard ratio) per increment of 1 unit of the continuous variable is the same for any level of the variable. To check this assumption, the complementary log-log of survival are usually graphically represented for various categories of the continuous variable (at least three, preferably four or five categories). Because of the small sample size, we were unable to check in a reliable way if this assumption was verified by data. Therefore, we presented results of less informative analyses (Kaplan-Meier analyses with dichotomised continuous variables and the log-rank test), which require few assumptions, rather than results of more sophisticated analyses for which we cannot guarantee reliability. Finally, because of the retrospective design of our study, not all possible confounding factors may been examined. For example, the use of antifungals, such as fluconazole, or the type of ingested food may have an influence on levels [35, 36] . We cannot therefore exclude that these may have had an influence on patient outcomes and drug levels. Nevertheless, other frequently studied factors, such as donor type, gender, baseline diagnosis, age, graft weight, etc. were indeed included in our study.
In conclusion, in this era when survival after solid organ transplantation has increased dramatically, strategies to protect patients from immunosuppressant-associated adverse events and graft loss should include TDM. TDM is still a problem because of the lack of reliable markers, and difficulties in adjustments and in follow-up. Although nonadherence is often inferred from trough levels not within the target range [37, 38] , stabilisation is difficult to reach even during the first month after transplantation when children may still be in the hospital and have supervised medication administration. In our study, immunosuppressant trough level variability was high in the first 6 months after transplantation, with less than a third of the patients in the target range. Factors associated with earlier stabilisation have to be confirmed in a larger study. Pharmacogenomics and personalised medicine might, in the future, be helpful to improve TDM monitoring [39] . Currently, multimodal strategies should be studied to increase the chance of finding the right dose for each patient, and to maintain appropriate drug levels.
